ABSTRACT In this paper, a numerical investigation on the effects of oxygen concentration on the reactive oxygen species (ROS) density under different operating conditions in the atmospheric-pressure helium/oxygen pulsed dielectric barrier discharge (DBD) has been performed by means of a one-dimensional (1-D) fluid model. The involved ROS are ground state oxygen atom O, excited state oxygen atom O( 1 D), single delta metastable oxygen O 2 ( 1 g) (SDO), and ozone molecule O 3 . The present work gives the following significant results. For a given operating condition, the averaged O density is evidently larger than the other three ROS densities. There exist characteristic oxygen concentrations where the averaged densities of O and SDO reach their maximum with the increase in the oxygen concentration, respectively. The averaged O 3 density increases with the oxygen concentration, but the reverse is true for the averaged O( 1 D) density. In addition, the ROS density is increased when increasing the applied voltage amplitude V a , decreasing the rising time of the applied voltage pulse t r , or reducing the frequency of the applied voltage pulse f. Also, the characteristic oxygen concentrations for the averaged densities of both the O and SDO move towards the higher oxygen concentration when increasing the V a , decreasing the t r , or increasing the f. The effect of the operating conditions on the averaged O 3 density is weak under lower oxygen concentrations, and it is increasingly affected by the operating conditions with the increasing oxygen concentration. However, the variation trend of the averaged O( 1 D) density versus oxygen concentration is hardly affected by the operating conditions. INDEX TERMS Helium/oxygen, pulsed dielectric barrier discharge, oxygen concentration effect, onedimensional fluid model.
I. INTRODUCTION
In recent years, atmospheric-pressure low-temperature plasmas have been receiving attention because of their great potential in various fields, including material processing [1] - [4] , environmental remediation [5] - [8] , plasma assisted combustion [9] , [10] , and biomedicine [11] - [13] . A popular way of generating this type of plasmas is to make
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use of the dielectric barrier discharge (DBD). Compared with the DBD driven by continuous sinusoidal voltages, the DBD excited by repetitive voltage pulses can effectively improve the stability and chemical activity of the plasma and produce high electron energy, uniform and larger area of nonequilibrium plasma [14] - [16] .
The addition of oxygen to the working gas can affect plasma chemistry and produce large amounts of reactive oxygen species (ROS), such as ground state oxygen atom O, excited state oxygen atom O( 1 D), single delta metastable oxygen O 2 ( 1 g) (SDO), and ozone molecule O 3 , etc [17] . It has been shown that the ROS may be delivered to the surface or interior of living cells, and play an essential role in biomedicine including wound treatment, dermatological therapy, and medical device disinfection [18] . Consequently, the generation mechanism and the control of the ROS have been investigated by many research groups [19] - [22] . Using a one-dimensional fluid model, the mode transition of dielectric barrier discharge in atmospheric-pressure helium-oxygen mixture has been simulated by Lee et al. [19] , and it was pointed that when oxygen is rare, the discharge has similar characteristics to the direct current glow discharge at low pressure. As the oxygen additive increases, the discharge characteristics of the glow mode are destroyed and changed into the Townsend mode. In the work of Alshraiedeh et al. [20] , the effect of oxygen concentration on virucidal activity in nonthermal plasma inactivation of MS2 bacteriophage has been studied, and it was indicated that the optimal inactivated oxygen concentration is 0.75%. The inactivation of resistant Candida albicans in a sealed package by cold atmospheric pressure plasmas was carried out by Song et al. [21] , by means of varying oxygen concentration, the He plasma containing about 1% O 2 was found to entirely kill resistant Candida albicans with a treatment time of 5 min. In a previous work [22] , the effect of oxygen concentration ranging from 0.1% to 1.1% on the pulsed DBD in helium-oxygen mixture was numerically researched by Wang et al., and it was found that the total density of the reactive oxygen species reaches its maximums at the O 2 concentration of about 0.5%. From what has been introduced above, there exists a characteristic oxygen concentration, corresponding to the best sterilization effect or the highest ROS density. However, the concentration will vary with the operating condition. Therefore, it is essential to investigate the characteristic oxygen concentration and to explore the effect of operating conditions on the oxygen concentration, which plays a significant guiding role for the application of plasma in biomedicine.
In this work, the effects of oxygen concentration on the ROS density under different operating conditions in the atmospheric-pressure helium/oxygen pulsed DBDs have been systematically simulated by means of the numerical simulation based on a one-dimensional (1-D) fluid model. Here, the operating conditions refer to the applied voltage amplitude V a , rising time of the applied voltage pulse t r , and frequency of the applied voltage pulse f. Due to the electronegativity of oxygen, the pulsed DBDs in helium-oxygen mixtures are usually investigated at the oxygen concentrations below about 1%, and in this work, therefore, the considered oxygen concentrations are in the range from 0.1% to 1%.
II. SIMULATION MODEL
The parallel-plate plasma reactor and the simulation model used in the present work are the same as those in the previous works [22] - [24] where the model consists of the 1-D continuity equation, the electron energy equation, and the current conservation equation. Thus, only a brief description for this model is given for completeness.
As presented in Fig. 1 , the atmospheric pressure DBD is sustained between two parallel-plate electrodes, and each electrode is covered with dielectric. For the two electrodes, one is the grounded (grounded electrode) and the other (powered electrode) is of the applied voltage.
The dynamic behaviors of electrons, ions, and neutral particles are described by the 1-D continuity equation ∂n e,i, * ∂t + ∂ e,i, * ∂x = S e,i, *
where n is the particle number density, is the particle flux density, S denotes the particle source term, and subscripts e, i, * represent electrons, helium and oxygen related ions, and neutral particles, respectively. The neutral particles include molecules, atoms, excited and metastable species of helium and oxygen. The particle flux densities under the drift-diffusion approximation are given by
where µ is the mobility, D is the diffusion coefficient, and E is the electric field. For the neutral particle, only diffusion item ought to be considered in the flux. The electron energy equation of describing the electron temperature can be expressed as
where k is the Boltzmann constant, r i is the reaction rate of the ith reaction, ε i is the threshold energy of the inelastic collision caused by the ith reaction, T e is the electron temperature, and the electron energy flux Q is obtained from
kT e e (6) where λ e is given by
The electric field E is obtained by the current conservation equation, taking the form of
with
where ε 0 is the permittivity of free space, V a is the applied voltage, J g is the discharge current density, d g is the gap width, d s is the dielectric thickness, and ε r is the dielectric constant. Considering the effect of the secondary electron emission, the total electron flux density e ' at the cathode surface can be given by e = e − γ i i (10) where γ is the emission coefficient of the secondary electron at dielectric surface due to ion impact.
According to He and Zhang [25] , in this work, 17 key species and 48 chemical reactions are taken into account for high computational efficiency. In addition to the ground state atoms He and ground state molecules O 2 , the consideration for the particles generated in the discharge processes in the present simulation is as follows: electrons e, helium atomic ions He + , helium molecular ion He Table 1 . However, Generally, the cross sections for the collisions between electrons and neutral particles need to be calculated and the complicated calculations for evaluating the reaction rate coefficients are required. This will be considered in the future studies.
To verify the reliability of the present model, the operating parameters are chosen as the same as those in the experiment of experiment of Walsh et al. [38] , i.e. the dielectric constant ε r = 6.5, the dielectric thickness d s = 0.1 cm, the secondary electron emission coefficient γ = 0.02, and 
FIGURE 2.
Comparison between the (a) experimental discharge current 38 and (b) calculated discharge current in the pulsed DBD in helium oxygen mixture.
the gap width d g = 0.2 cm. Besides, the pulse width, amplitude and frequency of the applied voltage are fixed at 200 ns, 4 kV, and 5 kHz, respectively, the rising time (= falling time) t r is less than 20 ns, and oxygen concentration is taken as 0.5%. The discharge current in atmospheric-pressure He/O 2 pulsed DBD has been simulated and prepared with the experiment [38] . Figure 2 displays a comparison between the discharge currents from the experiment and from the present simulation. It can be clearly observed from Fig. 2 that during a single cycle of the applied voltage pulse, there are two discharges, occurring at the rising edge and falling edge of V a , respectively, and the respective maximum for the two discharge currents from the simulation is approximately equal to that measured in the experiment, which is in reasonable agreement with the experiment of Walsh et al. The gap voltage V g increases with the increase in the voltage amplitude at the rising edge of the voltage pulse. The increasing V g allows the gas fast breakdown, and thus the rapid increasing discharge current. In the process of the discharge, electrons and ions are accumulated on the dielectric, leading to the increase in the dielectric voltage Vd, and thus the decrease in the V g (=V a −V d ). As the V g decreases, the discharge current decreases rapidly, and then, the first discharge is accomplished. Similarly, the second discharge will occur at the falling edge of the voltage pulse.
Here, it should be pointed out that the discharge current obtained by our model is in smooth behavior and presents short duration, compared to that given by the experiment in Fig. 2(a) , which means that the average dissipated power due to our model is slightly low in contrast with that shown by the experiment. In practice, there are many uncontrollable factors impacting the experiment, and also there are stray capacitors between the electrodes and the air. These may induce both large dissipated power in the experiments and the pulse voltage in the jitter, as observed in Fig. 2(a) .
Further, Fig. 3 presents the axial distributions of the charged particle densities at the peak of the first discharge t a shown in Fig. 2 is consistence with the experiment in Lu et al. [39] .
In this work, the parameters of the discharge structure are set as follows. The thickness and the relative dielectric constant of the dielectric plate is fixed at 0.1 cm and 7.6, respectively. The secondary electron emission coefficient is 0.02. The gap width is set to 0.1 cm. As for the parameters of applied voltage pulse, the V a is in the range from 3 to 10 kV, the considered t r s are 50, 100, 300, 500, 700, and 900 ns, and the f varies from 2.5 to 40 kHz.
III. RESULTS AND DISCUSSION
Using the 1-D fluid model and parameters setting mentioned above and with the consideration of the generated particles, the atmospheric-pressure helium/oxygen pulsed DBDs have been calculated, and the effects of oxygen concentrations on the ROS density under different operating conditions are analyzed in detail.
To have a deep understanding of the operating condition dependences of the oxygen concentration effects later on, as an example, Fig. 4 gives the effects of oxygen concentration on the space-averaged densities of the four ROS, i.e., O, O 3 , O( 1 D), and SDO at the time point t a , as marked in Fig. 2 (b) . Based on the setup described in Fig. 1 , a positive voltage of 4 kV with the t r of 100 ns is applied, the pulse width and the frequency f is fixed at 600 ns and 5 kHz, respectively. It is clear from Fig. 4 that for a fixed oxygen concentration, the averaged O density is evidently large than the three other ROS densities. O density increases with the oxygen concentration at the concentrations below about 0.5%, and then, the O density starts to decrease with increasing oxygen concentration. The oxygen concentration dependence of SDO density is similar to that of O density, and the SDO density reaches its maximum when the concentration is about 0.6%. For the considered oxygen concentrations, the O 3 density increases with the oxygen concentration, and the reverse is true for the O( 1 D) density. The reason for this may be shown from the following analysis, namely, the contributions of the reactions to the generation and destruction of the oxygen-related species.
The main reactions generating the O include e+O 2 
, and the main reactions inducing the loss of the O include O+O+He→O 2 +He (R21) and O+He+O 2 → He+O 3 (R22). To qualitatively explore the contributions of these reactions to the generation and destruction of the O under different oxygen concentrations, Fig. 5 gives the reaction rates of generation and destruction for the O as a function of the oxygen concentration. It can be observed from Fig. 5(a) that the oxygen concentration dependences of the reaction rates present similar characteristics, and for a fixed oxygen concentration, the four reaction sorted in the ascending order of the contributions to generating O are R29, R16, R12, and R28 at the oxygen concentrations above 0.2%. As shown in Fig. 5(b) , the contribution of R22 to destructing the O increases basically with the oxygen concentration, while there exists a turning point where the contribution of R21 reaches its maximum. In addition, the dominant reaction for the destruction of the O is R22 at the oxygen concentrations above 0.2%.
It is concluded from Figs. 4 and 5 that on the one hand, the reaction rates for both the generation and the destruction of the O increase with the oxygen concentration at the concentrations below about 0.5%, and the contributions to the O production play the dominant role, leading to the increase in the O density with the oxygen concentration. On the other hand, however, it has been pointed out that the discharge becomes more electronegative and the electron temperature decreases as oxygen concentration is increased from 0.1% to 1% [24] , [40] , [41] . Consequently, the increase in the oxygen concentration will lead to the existence of more oxygen molecules and more electrons adsorption by oxygen molecules in the discharge gap, which leads to the reduction of the production of electron collision ionization reaction. Therefore, as the oxygen concentration further increases, the reaction rates of the R12 and R16 increase slow and even begin to decrease due to the electronegativity of the oxygen. Besides, as has been shown in Fig. 4 , O( 1 d) density decreases with the increasing oxygen concentration, resulting in the reaction rates of the R28 and R29 versus the oxygen concentration. Therefore, less contributions of reactions generating the O are obtained with the increase in the oxygen concentration at the concentrations above about 0.5%. On the other hand, the consumption of the O increases due to the increasingly severe R22 for the destruction of the O. Due to the above, the characteristics of the main reactions of generating and destructing the O as a function of the oxygen concentration result in the variation tendency of the O versus oxygen concentration.
As done early, the oxygen concentration dependence of the SDO density will be analyzed qualitatively here. To this end, the reaction rates of production and destruction for SDO as a function of the oxygen concentration have been calculated and presented in Fig. 6 . The main reaction generating the SDO is e+O 2 →O 2 ( 1 g )+e (R14), and the main reactions inducing the loss of the SDO is O 2 ( 1 g ) + O 3 → 2O 2 + O( 1 D) (R37). It is clear from this figure that the reaction rate of R14 increases with the increase in the oxygen concentration at the concentration below about 0.6%, and then, it decreases as the concentration further increases due to the electronegativity of oxygen. In addition, the reaction rate of R37 basically increases with the increase in the oxygen concentration, mainly because of the increasing O 3 density. Despite that the reaction rate of R37 increases linearly with the increase in the oxygen concentration at the concentrations below about 0.6%, the reaction rate of R14 increases with the oxygen concentration, which induces the increase in the SDO density at the concentrations below about 0.6%. As the oxygen concentration further increases, the decreasing rate of R14 and slow-growing rate of R37 lead to the turning point where the SDO density reaches its maximum.
For the mechanism governing the effect of oxygen concentration on O 3 density, the reaction rates of production and destruction for O 3 as a function of the oxygen concentration have been given in Fig. 7 Fig. 7 that the reaction rates of both R22 and R37 nearly increases with the oxygen concentration. In addition, for a fixed oxygen concentration, the rate of R22 is larger than that of R37. These lead to the increase in the O 3 density with the oxygen concentration.
Similarly, Fig. 8 
It is clearly seen that from Fig. 8(a) that the R12 plays a dominant role in generating the O( 1 D) when increasing the oxygen concentration at the concentrations below about 0.7%, while the larger contribution to generating O( 1 D) is R28 the when further increasing the oxygen concentration. In addition, both the reaction rates of R12 and R37 increase with the increasing oxygen concentration, and then, they decrease as the concentration further increases. This implies that the rates of the R12 and R37 will be strengthened within a certain range of the oxygen concentration because of the electronegativity of the oxygen. In Fig. 8(b) , it is clear that for a fixed oxygen concentration, the rate of R28 is evidently large that that of R29, indicating that the R28 is the major contribution to destructing the O( 1 D). Besides, both the rates of R28 and R29 increase with the increase in the oxygen concentration at the concentrations below about 0.9% and 0.8%, respectively. Combining Fig. 8(a) and (b) , the increasing oxygen concentration has an inhibitory effect on the R12 at the concentration above about 0.7%. On the other hand, the contribution of R28 to destructing the O( 1 D) increases as the oxygen concentration increases, despite of the increasing contribution of R37 to generating the O( 1 D). The increasingly destruction for O( 1 D) due to the more and more severe R28 results in the decrease in the O( 1 D) density with the increase in the oxygen concentration.
In fact, the addition of oxygen will result in the generation and loss of the ROS, and the increasingly oxygen concentration added to the working gas will weaken the plasmas, leading to the saturation and decrease in ROS production. It is, therefore, indicated that the oxygen concentration dependences of different ROS densities are different from each other due to the different reaction mechanisms of generation and loss of the ROS.
After knowing about the oxygen concentration dependences of the four ROS densities, the operating conditions dependences of the oxygen concentration effects of the ROS density will then be investigated in detail.
The applied voltage amplitude V a is one of the important parameters to characterize the pulse power supply, and the characteristics and ROS density of the pulsed DBD in He/O 2 mixture will be significantly affected by changing the V a . Here, the pulse width and t r are fixed at 600 and 100 ns, respectively, the frequency f is set to 5 kHz, The effect of V a on optimal O 2 concentration has been investigated, and the considered V a varies from 3 to 10 kV. the averaged densities of the four ROS increase with the applied voltage amplitude V a . In Fig. 9(a) , it is clear that the averaged O density reaches its maximum at the oxygen concentration is about 0.3% when the applied voltage amplitude V a of 3 kV is applied, and the maximum moves towards high oxygen concentration when keeping increasing the V a , namely, the averaged O density reaches its maximum at the oxygen concentration is about 0.5% and 1% when applying the voltage amplitude V a of 4 kV and 6 kV, respectively. For the averaged SDO density shown in Fig. 9(b) , the oxygen concentration dependences of the SDO density are the same as those presented in Fig. 9(a) . It is observed from Fig. 9(c) that the averaged O 3 density increases monotonically with the oxygen concentration. Besides, the effect of the applied voltage amplitude on the O 3 density becomes much more evident at higher oxygen concentrations. Regarding the O( 1 D) density versus oxygen concentration shown in Fig. 9(d) , the averaged O( 1 D) density decreases with the oxygen concentration. The reason for this may be shown by the following analyses.
The increase in the applied voltage amplitude the will increase the power coupled to the plasma and thus the density of reactive oxygen particles. On the other hand, despite that e+O 2 →O+O( 1 D)+e (R12) and e+O 2 →O+O+e (R16) for the generation of O and e+O 2 →O 2 ( 1 g )+e (R14) for the generation of SDO will be weakened due to the electronegativity of the oxygen with the increase in the oxygen concentration, the increasing V a will bring more high-energy electrons, thus leading to more severe R12, R16, and R14. Consequently, the turning point where the averaged densities of the O and SDO reaches their maximum moves towards high oxygen concentration when keeping increasing the V a , respectively. In the meanwhile, the increasing O density will make the O + He + O 2 → He + O 3 (R22) severe, thus more O 3 is generated at higher voltage amplitudes and higher oxygen concentrations, making the effect of the V a on the O 3 density much more evident at higher oxygen concentrations. The rising time of the applied voltage pulse t r is another crucial parameter affecting the plasma characteristics and ROS density. Here, the amplitude, pulse width and the frequency of the applied voltage is fixed at 4 kV, 2 µs and 5 kHz, respectively. The considered t r varies from 50 to 900 ns. Figure 10 presents the averaged densities of O, SDO, O 3 , and O( 1 D) as a function of oxygen concentration under the rising time of the applied voltage t r in the range from 50 to 900 ns.
It can be clearly seen that for a fixed oxygen concentration, the averaged densities of the four ROS decreases with the increase in the rising time t r . In addition, As can be seen from Fig. 10(a) and (b) , the averaged density of O and SDO reaches their maximum at the oxygen concentration is about 0.7% when the t r is set to 50 ns. When keeping increasing the t r to 100 ns, the optimal oxygen concentration where the averaged density of O and SDO reaches their maximum is about 0.5%. The averaged density of O and SDO reaches their maximum at the oxygen concentration is about 0.4% when the t r is further increased to 900 ns. A clear indication is that the optimal oxygen concentration moves towards the lower concentration with the increasing rising time of the applied voltage pulse t r . It is observed from Fig. 10(c) and (d) that the averaged O 3 density increases monotonically with the oxygen concentration, while the averaged O( 1 D) density decreases with the oxygen concentration. In addition, the effect of t r on the averaged O 3 density under the lower oxygen concentration is unobvious, and the effect becomes profound with the increase in oxygen concentration. As for O( 1 D) density, the variation trend of the averaged O( 1 D) density versus oxygen concentration is hardly affected by the t r . The reason for this can be ascribed to the reason similar to that due to the V a . Combing Figs. 9 and 10, it is concluded that whether increasing V a or decreasing t r will increase the density of the electrons with high energy and thus improve the efficiency of the discharge, leading to the increase in the ROS density.
As regards the frequency f of applied voltage pulse, the considered f is in the range from 2.5 to 10 kHz. In addition, the amplitude of the applied voltage is fixed at 4 kV, and the rising time t r and pulse width of the applied voltage is set to 100 and 600 ns, respectively. Figure 11 displays the averaged densities of O, SDO, O 3 , and O( 1 D) as a function of oxygen concentration under the various frequency f. As shown in Fig. 11 , for a fixed oxygen concentration, the averaged densities of the four ROS decreases with the increase in the frequency f. In the context of the fixed pulse width, as the frequency f increases, the pulse-off time becomes shorter. This leads to less recombination between the electrons and other species and in turn more seed electrons remaining in the gap. The electrons accumulated on the dielectric become more, which gives rise to the decrease in the breakdown voltage of the gap. Therefore, the discharge becomes increasingly weak and the resultant averaged densities of the four ROS decreases with the increase in the frequency f. Here, it should be pointed out that the behaviors of the four ROS densities versus the f presented in Fig. 11 only occurs within the frequency range considered in this work. In fact, as the frequency f further increases and becomes higher than the considered f, more and more seed electrons and other species will still remain in the gap in spite of more electrons accumulated on the dielectric as well as its effect of decreasing the breakdown voltage of the gap. The abundant collisions of these remaining electrons with other particles cause the strong discharge. Consequently, the discharge becomes increasingly strong as the frequency further increases.
It can also be seen from Fig. 11 (a) and (b) that the optimal oxygen concentration where the averaged density of O and SDO reaches their maximum is about 0.4% when the frequency f of 2.5 kHz is applied, and the optimal oxygen concentration moves towards the higher concentration with the increase in the f. The averaged density of O and SDO reaches their maximum at the oxygen concentration is about 0.8% when applying the frequency fto 40 kHz. The increasing f causes less recombination between the electrons and other species, a clear indication is that the proportion of electrons participating in R12, R16, and R14 increases with the increase in the f. Therefore, this leads that the turning point where the averaged densities of the O and SDO reaches their maximum moves towards high oxygen concentration. Combining Fig. 11(c) and (d) , it is clear that the averaged O 3 density increases monotonically with the oxygen concentration, but the reverse is true for the averaged O( 1 D) density. VOLUME 7, 2019 Besides, the effect of the frequency on the averaged O 3 density under the lower oxygen concentration is inconspicuous, and the effect becomes profound with the increase in oxygen concentration. As for O( 1 D) density, the variation trend of the averaged O( 1 D) density versus oxygen concentration is almost the same under different frequencies. In addition, at the higher frequencies of 30 kHz and 40 kHz, the effect of oxygen concentration on the averaged densities of O 3 and O( 1 D) is hardly affected by frequency.
IV. CONCLUSION
In this work, the effects of oxygen concentration on ROS density under different operating conditions in the atmosphericpressure helium/oxygen pulsed DBDs have been numerically investigated based on a 1-D fluid model. Here, the operating conditions is the amplitude, rising time, and frequency of the applied voltage pulse, and the considered oxygen concentration is in the range from 0.1% to 1%. The present work presents the following significant results.
For a given operating condition, the averaged O density is evidently large than the three other ROS densities. There exists a turning point where the averaged densities of O and SDO reach their maximum with the increase in the oxygen concentration. As regards the averaged densities of O 3 and O( 1 D), the O 3 density increases with the oxygen concentration, but the reverse is true for the O( 1 D) density.
The averaged densities of the four ROS are increased by means of increasing the voltage amplitude, decreasing the rising time of the voltage pulse, or reducing the frequency. In addition, for the considered oxygen concentration in the range from 0.1% to 1%, the turning point for the averaged densities of O and SDO moves towards the higher oxygen concentration with the increase in the voltage amplitude, decrease in the rising time of the pulse, or increase in the frequency. Regarding the O 3 density, the effect of the operating conditions on the averaged O 3 density is unobvious under lower oxygen concentrations, and it is increasingly affected by the operating conditions with the oxygen concentration increased. As for the O( 1 D) density, the variation trend of the averaged O( 1 D) density as a function of oxygen concentration is hardly affected by the operating conditions.
The generation of the ROS will be weakened due to the electronegativity of oxygen with the increase in the oxygen concentration, and thus, a proper high oxygen concentration needs to be considered, leading to enhance the plasma chemistry. In addition, the effects of oxygen concentrations are different for different operating conditions. Thus, it is essential to select the appropriate oxygen concentration according to the actual operating conditions, so as to obtain the abundant reactive oxygen species. His research interests include radiation effects in organic materials and insulators, the theory and modeling of gas discharge physics, and electromagnetic compatibility. Since 2012, she joined the School of Materials Science and Engineering, Shandong University. Her research interest includes microstructures and mechanical properties of nonferrous metals. VOLUME 7, 2019 
